Although mammalian hearts show almost no ability to regenerate, there is a growing initiative to determine whether existing cardiomyocytes or progenitor cells can be coaxed into eliciting a regenerative response. In contrast to mammals, several non-mammalian vertebrate species are able to regenerate their hearts 1-3 , including the zebrafish 4,5 , which can fully regenerate its heart after amputation of up to 20% of the ventricle. To address directly the source of newly formed cardiomyocytes during zebrafish heart regeneration, we first established a genetic strategy to trace the lineage of cardiomyocytes in the adult fish, on the basis of the Cre/lox system widely used in the mouse 6 . Here we use this system to show that regenerated heart muscle cells are derived from the proliferation of differentiated cardiomyocytes. Furthermore, we show that proliferating cardiomyocytes undergo limited dedifferentiation characterized by the disassembly of their sarcomeric structure, detachment from one another and the expression of regulators of cell-cycle progression. Specifically, we show that the gene product of polo-like kinase 1 (plk1) is an essential component of cardiomyocyte proliferation during heart regeneration. Our data provide the first direct evidence for the source of proliferating cardiomyocytes during zebrafish heart regeneration and indicate that stem or progenitor cells are not significantly involved in this process.
Although mammalian hearts show almost no ability to regenerate, there is a growing initiative to determine whether existing cardiomyocytes or progenitor cells can be coaxed into eliciting a regenerative response. In contrast to mammals, several non-mammalian vertebrate species are able to regenerate their hearts [1] [2] [3] , including the zebrafish 4, 5 , which can fully regenerate its heart after amputation of up to 20% of the ventricle. To address directly the source of newly formed cardiomyocytes during zebrafish heart regeneration, we first established a genetic strategy to trace the lineage of cardiomyocytes in the adult fish, on the basis of the Cre/lox system widely used in the mouse 6 . Here we use this system to show that regenerated heart muscle cells are derived from the proliferation of differentiated cardiomyocytes. Furthermore, we show that proliferating cardiomyocytes undergo limited dedifferentiation characterized by the disassembly of their sarcomeric structure, detachment from one another and the expression of regulators of cell-cycle progression. Specifically, we show that the gene product of polo-like kinase 1 (plk1) is an essential component of cardiomyocyte proliferation during heart regeneration. Our data provide the first direct evidence for the source of proliferating cardiomyocytes during zebrafish heart regeneration and indicate that stem or progenitor cells are not significantly involved in this process.
During heart regeneration in zebrafish, lost ventricular tissue is rapidly replaced. After as little as 1 month, most of the missing tissue has been regenerated by cardiomyocytes. The exact source of these new cardiomyocytes is not yet known definitively. To address this question we developed and successfully implemented the 4-hydroxytamoxifen (4-OHT)-inducible Cre/lox approach in zebrafish to label regenerating cardiomyocytes genetically (for a detailed description of the lines generated and/or methodologies, see Methods and Supplementary Figs 1-9).
To examine the contribution made by differentiated cardiomyoctes to regenerated cardiac tissue, we performed a series of amputation experiments on adult zebrafish in which cardiomyocytes had been genetically labelled 48 h after fertilization. About 20% of the ventricle was removed, and cardiac regeneration was subsequently assessed at 7, 14 and 30 days after amputation. At 7 days after amputation, the remaining cardiac tissue was uniformly positive for green fluorescent protein (GFP) (Fig. 1a, b) , with much of the missing tissue now replaced by a fibrin/collagen clot (n 5 5 hearts) ( Fig. 1c ). At 14 days after amputation, when a significant amount of regeneration had occurred, cardiomyocytes within the regenerating tissue were uniformly GFP-positive ( Fig. 1d, e ) with only a small fibrin clot remaining (n 5 7 hearts; Fig. 1f ). These results suggest that the regenerated cardiomyocytes arise from differentiated GFP-positive cardiomyocytes. These findings were substantiated at 30 days after amputation, when regeneration is nearly complete; all of the cardiomyocytes within the cardiomyocytes. Cardiomyocytes in transgenic zebrafish (tg-cmlc2a-Cre-Ert2: tg-cmlc2a-LnL-GFP) were genetically labelled at 48 h after fertilization by inducing Cre activity with tamoxifen. These embryos were then grown to adulthood (3 months or sexually mature), at which point the heart was amputated and allowed to regenerate for 7 (a-c), 14 (d-f) or 30 (g-i) days. The dashed white line represents the plane of amputation. At 7 days after amputation (a; enlargement in b) relatively little regeneration has occurred. Trichromic staining indicates that a fibrin clot has formed adjacent to the wound (c). By 14 days after amputation, GFP-positive cardiomyocytes have regenerated a substantial amount of new cardiac tissue (d; enlargement in e) and the fibrin clot was decreased in size (f). At 30 days after amputation, heart regeneration is virtually complete (g; enlargement in h) and all of the regenerated tissue is composed of GFP-positive cardiomyocytes. The clot has been replaced by a small scar (h). Scale bars, 100 mm (a, d, g) and 75 mm (b, e, h). Panels c, f and i are 32 magnifications of the areas indicated with a white arrow in b, e and h. regenerated cardiac tissue were clearly GFP-positive (n 5 9 hearts; Fig. 1g , h).
To determine the overall contribution made by GFP-positive cardiomyocytes to the regenerated heart, at 7, 14 and 30 days after amputation we immunostained regenerating heart sections with anti-GFP and the anti-sarcomeric myosin antibody MF20 (Supplementary Fig. 9a-d ). We were unable to detect any cardiomyocytes labelled with MF20 or GFP alone (n 5 4,836). Taken together, our results demonstrate that, after amputation, the vast majority of newly formed cardiomyocytes, if not all of them, arise from pre-existing cardiomyocytes.
We next sought to determine whether GFP-positive cardiomyocytes had re-entered the cell cycle. Adult GFP-positive transgenic zebrafish were treated with bromodeoxyuridine (BrdU) for 7 days after amputation ( Fig. 2a-f ). Subsequently, at 14 days after amputation, we found a significant increase in the number of BrdU-positive/GFP-positive cardiomyocytes in regenerating hearts compared with non-amputated controls ( Fig. 2g ). From this we conclude that differentiated GFPpositive cardiomyocytes had re-entered the cell cycle and engaged in DNA replication. We also analysed the position of BrdU-labelled GFPpositive cardiomyocytes within the regenerating heart ( Fig. 2h and inset). Whereas most BrdU-positive/GFP-positive labelled cardiomyocytes were concentrated around the wound, a proportion could also be found in regions far from the site of amputation. This suggests that the response to the injury affects the heart in a global manner.
Recent studies have indicated that cardiomyocytes dedifferentiate to facilitate proliferation, but it is unclear how far within the cardiac lineage they regress 7, 8 . An increase in the expression of the cardiacprogenitor-associated genes nkx2.5 and hand2 during zebrafish heart regeneration has been reported 9 . However, our own in situ hybridization analyses failed to detect any significant upregulation of either transcript (data not shown), confirming previous results from our laboratory 5 . Furthermore, genome-wide transcriptome data 10,11 also failed to detect significant changes in the expression of either transcript during zebrafish heart regeneration. These results argue against an extensive dedifferentiation of cardiomyocytes as a prerequisite for their proliferation in the context of heart regeneration.
To address the extent to which cardiomyocytes dedifferentiate during zebrafish heart regeneration, we analysed regenerating hearts with the use of transmission electron microscopy (TEM). In uninjured hearts ( Fig. 3a, b ) cardiomyocytes showed an ordered arrangement of sarcomeres and mitochondria with clearly defined Z-lines ( Fig. 3b ). After amputation, cardiomyocytes began to detach from one another, creating large intercellular spaces ( Fig. 3c, d ). The aligned array of actin and myosin filaments visible in uninjured hearts ( Fig. 3b ) became disorganized ( Fig. 3d ); this was associated with a loss of Z-line structure. Later, at 7 days after amputation ( Fig. 3e , f), intercellular spaces were also readily visible as cardiomyocytes detached from one another ( Fig. 3e ). Furthermore, although sarcomeric filaments were visible, there was a lack of organization leading to the presence of both transverse and longitudinal sarcomeric structures within individual cardiomyocytes ( Fig. 3f ). Using these criteria, we were able to count the number of cardiomyocytes undergoing phenotypic changes ( Supplementary Fig. 10a -c). After (a-f) Transgenic zebrafish (tg-cmlc2a-Cre-Ert2: tg-cmlc2a-LnL-GFP) genetically labelled at 48 h after fertilization and grown to adulthood underwent cardiac amputation and were then treated with BrdU for 7 days after amputation. Hearts were isolated and processed at 14 days after amputation. Green, GFP-positive cardiomyocytes; red, BrdU-positive cells; blue, 4,6-diamidino-2-phenylindole stain for DNA; yellow, BrdU-positive/ GFP-positive cardiomyocytes (white rings in d). a, Section of the entire heart, with a dashed white line representing the regenerating area. amputation, the proportion of these structurally or morphologically altered cardiomyocytes increased, peaking at about day 7 (Supplementary Fig. 10c ). Furthermore, their distribution within the regenerating heart closely resembled that of BrdU-labelled cardiomyocytes (Supplementary Fig. 10d and inset). Despite these changes, cardiomyocytes had a healthy appearance and did not show any of the hallmarks associated with cell death 12, 13 ( Supplementary Fig. 11a-f ). TdTmediated dUTP nick end labelling (TUNEL) of regenerating hearts further confirmed these observations ( Supplementary Fig. 12a, b ).
The sequence of events described so far indicate that, during regeneration, cardiomyocytes detach from one another and disassemble their sarcomeric structure, presumably to facilitate re-entry to the cell cycle. If this is correct, then cardiomyocytes in the process of cell division should not have any discernible sarcomeric structure. To test this hypothesis we labelled dividing cardiomyocytes with both phosphorylated histone 3 (PH3), a well-established marker of cells undergoing mitosis, and either GFP or MF20. Despite the rarity of these events (an average of three cells per section; n 5 12 sections from four hearts) none of the PH3-labelled cells showed any discernible organization of their sarcomeric structure ( Supplementary Fig. 13a-d ). We also immunolabelled GFP-positive cardiomyocytes for proliferating cell nuclear antigen (PCNA) ( Supplementary Fig. 14a-c) . In a similar manner to PH3-labelled cardiomyocytes, PCNA-positive/GFPpositive cardiomyocytes showed a disorganized sarcomeric structure ( Supplementary Fig. 14b, c) . These results indicate that the sarcomere is disassembled in the process of cardiomyocyte divison, similarly to the set of events described recently in the mouse 8 .
Next we sought to determine whether cardiomyocyte dedifferentiation during heart regeneration was associated with specific changes in gene expression. Previous reports have indicated an increase in expression of the mitotic checkpoint kinase encoded by mps1 in cardiomyocytes during regeneration and that perturbation of this effectively inhibits regeneration 4 . We therefore examined the expression of plk1, which encodes a regulator of cell-cycle progression that was detected as upregulated in previous microarray analyses of zebrafish heart regeneration 11 . plk1 transcripts were markedly upregulated in regenerating hearts at 1, 3 and 7 days after amputation, as detected by reverse transcriptase-mediated polymerase chain reaction (RT-PCR), closely resembling those of mps1 (Fig. 4a ). In addition, in situ hybridization analyses revealed that plk1 expression increased in cardiomyocytes during regeneration (Fig. 4b, c) .
To further assess the role of plk1 during heart regeneration, we used a recently described embryonic model of heart regeneration 14 . With this model system we were able to ablate cardiomyocytes specifically in embryos at 48 h after fertilization. These were subsequently washed and allowed to recover with or without the Plk1 inhibitor cyclapolin 9.
In the absence of the inhibitor, 67% of the embryos were able to regenerate their heart. However, in the presence of the inhibitor, this number decreased to 17% (the treatments used in these experiments have no effect on wild-type embryos) ( Supplementary Fig. 15a-d ). We confirmed these results in the adult setting by inhibiting Plk1 activity with cyclapolin 9 in regenerating zebrafish throughout the 30-day recovery period. Inhibition of Plk1 drastically inhibited the regenerative process (Fig. 4d, e) . A TUNEL assay showed that this inhibition was not due to an increase in cardiomyocyte apoptosis (an average of one cell per section; n 5 3 sections from three different hearts) ( Fig. 4f) . We also found a significant decrease in the number of BrdU-positive/GFP-positive cardiomyocytes in regenerating animals treated with the inhibitor (Fig. 4g) . These results indicate that plk1 is essential for heart regeneration to proceed. Overall, our studies show that zebrafish heart regeneration is driven primarily by pre-existing cardiomyocytes, rather than by progenitor cells as suggested previously 9 . The tightness and specificity of our cardiomyocyte lineage-tracing system ( Supplementary Figs 1-9 ; see also Methods) allow us to demonstrate that the vast majority of heart muscle cells, if not all of them, formed during regeneration arise from pre-existing cardiomyocytes. Even though we cannot formally exclude the possibility that stem or progenitor cells may give rise to cardiomyocytes during this process, in the light of our results we can conclude that their contribution to newly formed myocardium would be only marginal. To facilitate proliferation, we found that pre-existing cardiomyocytes undergo limited dedifferentiation. Soon after amputation, cardiomyocytes close to the wound start to disassemble their sarcomeric structure and detach from one another. Furthermore, reduced sarcomeric structure is observed in zebrafish cardiomyocytes re-entering the cell cycle. Microarray analysis also confirms these findings, with many sarcomeric genes being downregulated after amputation 11 . A comparable set of events has also been described in the newt. In that organism the expression of cardiac sarcomeric genes is downregulated after amputation; then, as regeneration proceeds, the expression returns to pre-amputation levels 15 . Similar structural changes are also associated with hibernating myocardium in humans after cardiac injury 16 . Hibernating cardiomyocytes typically show a depletion of sarcomeric structure and an expression pattern of structural proteins closely resembling that in fetal heart cells 17 . Although mammalian cardiomyocytes are unable to regenerate, it is tempting to speculate whether they can complete one of the steps involved in this process. We finally show that, as a prelude to proliferation, zebrafish cardiomyocytes adjacent to the wound begin to express regulators of cell-cycle progression, such as those encoded by plk1 and mps1 (ref. 4) , which are necessary for the regenerative process to proceed. The fact that zebrafish cardiomyocytes dedifferentiate to a limited extent during heart regeneration, rather than undergoing marked changes in gene expression, offers hope that heart regeneration can also be induced in mammals. In this respect, our studies provide a mechanistic insight into previous findings in mice indicating that forced expression of cell-cycle regulators can induce regeneration after cardiac injury 18 .
METHODS SUMMARY
Cardiomyocyte genetic labelling. To induce recombination and subsequently genetically label cardiomyocytes, embryos and adults were treated with 4-OHT followed by a wash period of at least 1 week before amputation. Zebrafish heart amputation. Adult fish were anaesthetized in 0.4% Tricaine and secured, ventral side uppermost, in a slotted sponge. Watchmaker forceps were used to remove the surface scales and penetrate the skin, muscle and pericardial sac. Once exposed, the ventricle was gently pulled at the apex and cut with iridectomy scissors. After surgery, fish were immediately returned to system water. At the specified time points, hearts were removed and fixed overnight in 4% paraformaldehyde at 4 uC, washed several times in PBS, equilibrated in 30% sucrose in PBS, and frozen for cryosectioning.
Labelling with BrdU. Fish were anaesthetized in 0.4% Tricaine, and 0.5 ml of a 2.5 mg ml 21 solution of BrdU (in PBS) was injected into the abdominal cavity once every 24 h for 7 days . After 14 days, hearts were removed and fixed overnight in 4% paraformaldehyde at 4 uC, washed several times in PBS, equilibrated in 30% sucrose in PBS, and frozen for cryosectioning. Inhibitor treatment. After amputation, adult fish were allowed to recover for 24 h in system water. Cyclapolin 9 (C6493; Sigma) was dissolved in dimethylsulphoxide (DMSO) and added to 400 ml of system water to a final concentration of 3 mM. Water and inhibitor or DMSO alone were changed daily throughout the experimental procedures.
Full Methods and any associated references are available in the online version of the paper at www.nature.com/nature.
METHODS
Constructs and zebrafish lines. All constructs were generated with the Tol2 Kit as described 19 . For the tg-cmlc2a-Cre-Ert2 construct the 59 entry clone cmlc2a contained a 1-kilobase PCR fragment of the cmlc2a promoter 20 , the middle entry clone contained Ert2-Cre-Ert2 amplified from pCAG-ERT2CreERT2 (ref. 21) , and the 39 entry clone contained IRES mCherry.
The tg-cmlc2a-LnL-GFP reporter construct consisted of the cmlc2a 59 entry clone, a middle entry clone containing a floxed stop cassette amplified from pCALNL-GFP 21 , and the 39 entry clone p3E-EGFPpA 19 . Multisite recombination reactions into pDestTol2Pa2 were performed as described 19 .
The NTR-GFP fusion construct was generated by using the cmlc2a 59 entry clone, a middle entry clone pME-EGFP 'no stop', and a 39 entry clone containing nitroreductase amplified from pECFP-Nitro (ref. 14) . Multisite recombination reactions into pDestTol2Pa2 were performed as described 19 .
The Ert-GFP construct was generated by using a 59 entry clone p5E-bactin2 (ref. 19 ), a middle entry clone containing Ert2 fused to GFP amplified from pErt2-GFP (pErt2-GFP was generated by cloning Ert2 from pCAG-ERT2CreERT2 (ref. 21) into the EcoR1 and BamH1 sites of pEGFP-N1 (Clontech)), and a 39 entry clone containing Ert2 amplified from pCAG-ERT2CreERT2 (ref. 21) . Multisite recombination reactions into pDestTol2Pa2 were performed as described 19 .
To generate stable transgenic lines the tg-cmlc2a-Cre-Ert2 and tg-cmlc2a-LnL-GFP plasmids were injected into one-cell-stage embryos with transposase RNA 19 . Cre/tamoxifen in zebrafish. Transgenic zebrafish were generated in which 4-OHT-inducible Cre is under the control of the cardiomyocyte-specific cmlc2a promoter 20 . Concomitantly, the reporter construct used the same cmlc2a promoter followed by a floxed stop cassette and enhanced green fluorescent protein (EGFP). Removal of the stop cassette by Cre allows the cmlc2a promoter within the transgene to drive the expression of GFP. Subsequently, any cell derived from these GFP-positive cardiomyocytes will also be genetically labelled and will therefore also express GFP. However, cells in which the cmlc2a promoter was silent at the time of 4-OHT treatment (for example progenitor cells), would not have expressed any Cre and therefore the reporter in these cells will not be recombined and will remain silent. Any cell derived from these unlabelled cells will also remain unlabelled. To test the efficacy of this system, embryos from a heterozygous incross were treated with a range of concentrations of 4-OHT (H7904; Sigma). We found that 2 mM 4-OHT is sufficient to produce an efficient Cre-mediated recombination of the floxed stop cassette and subsequent uniform expression of GFP in cardiomyocytes ( Supplementary Fig. 1a, b) . Before treatment with 4-OHT, embryos show no discernible expression of GFP (Supplementary Fig. 1a ), indicating that this system does not leak. At 24 h after treatment with 4-OHT, cardiomyocytes in the embryonic heart express GFP ( Supplementary Fig. 1b ) with no discernible ectopic expression, demonstrating the specificity of the tg-cmlc2a-Cre-Ert2/cmlc2a-LnL-GFP line. Consequently, treated embryos were grown to adulthood (3 months or sexually mature), at which stage cardiomyocytes within the heart are still uniformly GFP-positive ( Supplementary Fig. 1c ). Similar findings with this system have also been recently reported 22, 23 . Furthermore, examination of cells isolated from GFPpositive transgenic hearts shows that all GFP-positive cells are MF20-positive (n 5 999) ( Supplementary Fig. 2a-d) . The specificity of Cre-Ert2 expression in the tg-cmlc2a-Cre-Ert2 line was directly tested by crossing these fish with animals from two different ubiquitous Cre reporter lines ((Tg(eab2:[EGFP-T-mCherry]) 23 and EF1a loxP-DsRed2-loxP EGFP 22 ; gifts from W. Chen and M. Brand, respectively). Zebrafish embryos from either intercross displayed strong reporter activation in the heart, and no ectopic expression was detected after detailed analyses with ultraviolet and confocal microscopy ( Supplementary  Figs 3 and 5) . Identical results were also obtained by crossing a second tg-cmlc2a-Cre-Ert2 line with the EF1a loxP-DsRed2-loxP EGFP line ( Supplementary  Fig. 6a-j) . Analyses of regenerating hearts from this second tg-cmlc2a-Cre-Ert2 line indicate that all the regenerated cardiac tissue is GFP-positive ( Supplementary Fig. 6k ). These findings decrease the chance of mislabelling to negligible levels. To further ensure that Cre-Ert2 expression was restricted to cardiomyocytes, embryos from the tg-cmlc2a-Cre-Ert2/Tg(eab2:[EGFP-T-mCherry]) analysis detailed above were raised until 2 months old. We subsequently isolated hearts from these animals and performed immunohistochemistry with anti-red fluorescent protein (anti-RFP; to label mCherryexpressing cells) and anti-a-sarcomeric actin (to label cardiomyocytes). We were unable to detect any cells labelled with anti-RFP alone (n 5 1,564), indicating that Cre expression is restricted to cardiomyocytes ( Supplementary Fig. 4a-c) . Furthermore, we isolated cells from tg-cmlc2a-Cre-Ert2/Tg(eab2:[EGFP-T-mCherry]) transgenic hearts and found that all mCherry-positive cells were also positive for a-sarcomeric actin (n 5 843) ( Supplementary Fig. 4d-f ). This confirms that Cre expression is restricted to cardiomyocytes.
Next we sought to determine whether this system was also effective in adult fish. Untreated GFP-negative embryos were raised to adults and then outcrossed to wild-type zebrafish. Embryos from this outcross were treated with 4-OHT to induce GFP expression in the heart, allowing us to identify the positive transgenic adults ( Supplementary Fig. 1d and inset). Before treatment with 4-OHT, transgenic adult fish show no GFP expression in the heart ( Supplementary  Fig. 1d ), again indicating no leakage. Previous findings have proposed that under certain conditions reporter systems such as those using the heat shock promoter can become inadvertently activated. However, we found no expression of GFP in cardiomyocytes after heart amputation (7-day recovery) in adult transgenics, indicating that even after a stressful procedure the reporter remains silent ( Supplementary Fig. 1e and inset) . To induce the expression of GFP in cardiomyocytes, adult transgenics were treated every 2 days with 1 mM 4-OHT for 1 week followed by a 1-week wash period after which GFP is readily visible in cardiomyocytes ( Supplementary Fig. 1f ). To rule out the possibility that labelling cardiomyocytes at embryonic stages also resulted in labelling of progenitor cells, GFP-negative transgenic fish were treated with 4-OHT as adults and subsequently amputated. At 30 days after amputation we assessed regeneration and found again that all cardiomyocytes within the regenerate were GFP-positive ( Supplementary Fig. 8a, b) .
To establish that Cre is removed from the nucleus after 4-OHT withdrawal, we fused the same oestrogen receptors to GFP (GFP-ER) allowing us to reveal, in vivo, the dynamics of 4-OHT treatment. Under the control of the b-actin promoter and in the presence of 4-OHT, GFP-ER is concentrated in the nucleus of a variety of cells in embryonic zebrafish ( Supplementary Fig. 7a ). Three days after 4-OHT withdrawal, GFP-ER returns to its pre-treatment cytoplasmic status ( Supplementary Fig. 5b ), similar to time windows established in the mouse (between 2 and 4 days until removal from nucleus) 6, 24 . Amputation. Amputations were performed as described previously 5 . Inhibitor treatments. Cyclapolin 9 (C6493; Sigma) was dissolved in DMSO and added to 400 ml of system water to a final concentration of 3 mM. Water and inhibitor or DMSO alone were changed daily throughout the experimental procedures. Labelling with BrdU. Treatment with BrdU was performed essentially as described 5 . Metamorph software (Molecular Devices) was used to count the total number of BrdU-labelled cardiomyocytes in each section (17 regenerating sections from 7 different animals, and 9 control sections from 3 animals). Cardiomyocyte islolation. Fish were killed in Tricaine and injected intraperitoneally with 20 ml of a 1,000 U ml 21 heparin solution in PBS to avoid blood clotting on heart extraction. Hearts were collected and placed in PBS containing penicillin and streptomycin and 10 U ml 21 heparin. The outflow tracts were then removed, and ventricles and atria were opened to get rid of the blood. They were then washed three times in perfusion buffer (PBS containing 10 mM HEPES, 30 mM taurine, 5.5 mM glucose and 10 mM 2,3-butanedione monoxime (BDM)) and placed in digestion buffer (perfusion buffer plus 12.5 mM calcium chloride and 0.2 Wünsch units ml 21 Liberase Blendzyme 3 (Roche)) to digest for 40 min at 27 uC in a Thermomixer at 800 r.p.m. Next, an equal volume of stop buffer 1 (perfusion buffer plus 12.5 mM calcium chloride and 10% FBS) was added and cells were separated mechanically. Undigested material was left to sediment and cells suspended in the supernatant were pelleted by centrifugation at 250g for 5 min. The cells were then resuspended in stop buffer 2 (perfusion buffer plus 12.5 mM calcium chloride and 5% FBS), and calcium reintroduction was performed by gradually increasing the concentration to 62, 112, 212, 500 and 1,000 mM. Cells were then pelleted again and resuspended in plating medium (MEM containing 5% FBS, 10 mM BDM, 2 mM Glutamax, 100 U ml 21 penicillin and 100 mg ml 21 streptomycin). Undigested material was washed once in perfusion buffer, digested and subsequently treated again following the same steps as described previously. Both cell preparation batches were combined, plated onto Matrigel-coated chamber slides (177445; Nunc), and allowed to attach overnight. Immunofluorescence was performed the following day. Immunohistochemistry. Immunohistochemistry was performed on 10 mm cryosections as described previously 4 . The antibodies used in this study were MF20 (DSHB), anti-GFP (GFP-1020; Aves Labs), anti-BrdU (OBT0030; Accurate Chemical), anti-phospho-histone H3 (06-570; Upstate), TUNEL (11684817910; Roche), anti-PCNA (P8825; Sigma), anti-a-sarcomeric actin (A2172; Sigma) and anti-RFP (ab34771; Abcam). In situ hybridization. In situ hybridization was performed as described previously 5 . The plk1 probe was generated by cloning zebrafish plk1 from RZPD clone IRBOp991A0269D into the EcoR1 and Xho1 sites of pBSK2 . Semithin-section analysis. For each section, six images were taken in the positions indicated in Supplementary Fig. 10d inset. Structurally altered cardiomyocytes were identified manually with Metamorph software (Molecular Devices). Each time point in Supplementary Fig. 10c represents the average of all six images (mean 6 s.e.m.). For 3 and 7 days after amputation, four sections were analysed from two different hearts. For control, 1 day, 14 days and 30 days after amputation,
